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 Metamaterials are artificial metallic structures having, possibly, 
simultaneously negative permittivity and negative permeability which is called a 
double negative medium. To achieve a visible light range of the metamaterial, the 
unit cell of the metamaterial units should be 10-200nm. It is a much bigger 
structure than a size of normal atom. Still, the resolution of fabrication, which is 
difficult part, should typically be a few nanometers to achieve a nano-level unit.  
We study Ag thin-film as a convenient candidate for metamaterial over a 
specific frequency range. Because, the thin film metal is composed of disk shape 
island structures itself. These represent be each metamaterial unit cell. To model 
the metamaterial model for each thickness of silver, we use surface plasmon-




plasmon resonance angle. This specific angle and the reflectivity of a thin silver 
film are function of metal and dielectric of thickness and metal’s permittivity and 
dielectric function of layer. Experimental measurements of SPPs and Simon’s 
simulation show good agreement with the COMSOL Multiphysics metamaterial 
model. And we demonstrate the annealing method for a thin film metal is nice 
approach to change the surface plasmon resonance angle. The theory of SPPs is 
explained using the Drude model and Maxwell equation.  
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1.  Introduction 
   1.1  What is Surface plasmon resonance? 
 
The surface plasmon resonance was observed by Wood in 1902. Wood 
observed a pattern of anomalous dark band in the reflected light[1] and Otto 
complete explanation of the phenomenon of surface plasmon in 1968[2]. In the 
same year, Kretchmann also reported the excitation of surface plasmons. 
 In physics, a Plasmon is quantized oscillations of free electrons. 
Plasmons can be described in the classical picture as an oscillation of free 
electron density with respect to the fixed positive ions in a metal. Plasmon can 
couple to the photon and create another quasiparticle called plasmon polariton, 
usually at the interface between metals and dielectrics. These collective 
oscillations of the free electrons in the metal make up dispersive longitudinal 
waves that propagate along the interface and decay exponentially into both 
dielectric medium and metal mediums with a decay length of a few tens of 
nanometers in the metal and up to several hundreds of nanometers in the 
dielectric. 
 As shown in Figure 1, Localized surface plasmon-resonance(LSPR) are 
the non propagating counterpart of surface plasmon Resonance(SPR) and is 
excited by a homogeneous electromagnetic wave. When the particle size of metal 





adopted in this case which means,  the electric field over the nano particle can 
be assumed to be constant. And the field inside the particle is homogeneous and 
is related to the E-field.
 
Figure 1  Schematic of Surface Plasmon Resonances (a) Localized surface plasmon: 
The dipole polarizability of a spherical metal nanoparticle in Electric Field  (b) 
Charge density oscillations at the dielectric and metal interface in Electro-magnetic 
field 
Under certain conditions, light incident on such a surface can couple to 
this plasmon mode to create propagating surface plasmons, also known as 
polarities. Excitation of surface plasmons is based on total internal reflection 
when an incident beam of the TM-polarized light strikes an electrically 
conducting metal layer at the interface of a glass prism with high refractive index 
and an external medium with low refractive index. At a certain angle, the 
excitation of surface plasmons occurs as a form of reduced intensity of the 
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reflected light. A surface plasmon is an electro-magnetic wave propagating along 
the surface of a thin film metal layer which is typically 30-80nm. Optical 
excitation of the surface plasmon can be achieved in the so-called Kretschmann 
configuration which is one of the type of SPR configuration. There are several 
types of SPR like Otto configuration which have this air gap between prism and a 
metal layer and Grating configuration as shown in Figure 2. 
 The angle of SPR is very sensitive to any change in the refractive index 
of the medium of the dielectric layer. This change is so large and have a valley 
intensity curve when It is at the angle of resonance. Because of this sensitivity 
this phenomena are used to use as a sensor for bio-sensor[3][4][5] and chemical 
sensor[6]and fiber optic sensor[7]. 
 Basically, surface plasma wave is a solution of Maxwell’s equation 
which describes how electric and magnetic fields are generated and altered by 
each other and by charges and currents. The specific idea of surface plasma wave 
is introduced in the next chapter. And we will discuss about Simon’s simulation 






Figure 2 Surface Plasmon-Polariton Configuration. (a) Kretchmann 
Configuration (b) Otto Configration (c) Grating Configuration 
 
   1.2  What is the Metamaterial? 
 
In 1968, Russian theorist Victor Veselgo propose the concept of a medium 
having simultaneously negative permittivity and permeability. In his article, 
Veselago stated that the medium was allowed by Maxwell equations, but there is 
no material in nature. After almost 20 years later, Professor Pendry at Imperial 
College demonstrated the first non-ferrite negative permeability Metamaterial 
based on split ring resonators which is called SRR[8]. 
 In an electromagnetic field, the way we can define and understand 
materials is based on permittivity ε and permeability μ. These properties 
describe how the material interacts with ElectroMagnetic light. The Permittivity 
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is a measure of how the applied electric field interacts with the medium and the 
permeability measures the response of a material to an applied magnetic field. 
 As shown in Figure 3. We can divide the material based on the sign of 
real number of permittivity and real number of permeability. Most natural 
materials have a positive real number of permittivity and the real number of 
permeability. That means most natural materials are I part in Figure 3. The 
materials, which has a negative real number of permittivity and positive real 
number of permeability is in II part. 
 In this part, there is the most metal and doped semiconductor. The 
materials, which has a negative real number of permittivity and the real number 
of permeability is called as Double negative medium or Metamaterial which 
doesn’t exist in nature. The last part in Figure 3 is artificially magnetic material. 






Figure 3  All materials can be characterized by their real number of permittivity 
and real number of permeability (I) Most dielectric materials which is real number 
of permittivity and real permeability is both positive  (II) The Plasmonic regime 
which has negative real number of permittivity and positive real number of 
permeability (III) Double Negative medium which is real number of permittivity 
and real number of permeability is both negative (IV) The aitificially magnetic 
regime which has positive real number of permittivity and negative real number of 
permeability 
Metamaterials are artificial metallic structures having simultaneously 
negative permittivity and negative permeability which is called Double Negative 
medium(DNG). This DNG medium has several features that any natural medium 
doesn’t have negative refraction, evanescent wave amplification, backward phase 
as a result of these, Metamaterial doesn’t obey Snell’s law, Doppler effect and so 
on. Due to this unique character of Metamaterial the concept of making a perfect 
lens with metamaterials has attracted attention in these days. Also miniaturization 
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in the size of the component is possible as the structural cell size of Metamaterial 
can be less than one-fourth of the guided wavelength[9]. These characters lead to 
solution low gain and efficiency of ordinary antenna. These can be very useful in 
the field of wireless communication industry. 
When metals are close to its plasma frequency, the real part of the 
permittivity is negative. And the metal’s plasma frequency is usually close to 
Ultraviolet frequency which is very high. But when the incident’s frequency 
close to the metal’s plasma frequency 𝜔𝑝, permeability is not negative. That was 
the problem of the concept of Metamaterial. But Pendry introduced a periodic 
array of non-magnetic conducting units which is split ring resonators (SRR)[8]. 
He found that the SRR has an effective permeability as a function of frequencies. 
The SRR shape of Metal can have a negative permeability near the high resonant 
frequency and a negative permittivity. So SRR can be the perfect model for 
Metamaterial. Other researchers also found that Complementary split ring 
resonator (CSRR)[10], Jerusalem cross [11] and fishnet structure [12] as shown 






Figure 4  Various Metamaterial Type   (a) Split ring resonator (SRR)  (b) 
Complimentary split ring resonator(CSRR)  (c) Jerusalem cross  (d) Fishnet 
 
The Complementary split ring resonator (CSRR) is a dual structure of 
SRR. That means when SRR has a metal surface as a ring resonator, The CSRR 
has a hole in a same space. Because of this, SRR and CSRR has a same 
frequency resonance theoretically, but when SRR has a bandpass filter at a 
specific frequency, CSRR has a band-block filter at a same frequency. This 
duality principle is often referred to as Baninet’s principle. 
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 The one thing that makes sure in this point is Metamaterial is not a ‘new’ 
material. Typically, When a scientist makes new material, they use chemistry for 
creating material. As you know, The Chemistry is the way to create material. But 
This is not the only way. We can artificially structure a new material by 
assembling an array of unit. We can call this as a Metamaterial, because this has 
properties that extend beyond materials which can be found in nature. 
Metamaterial consists of array units like SRR, Jerusalem cross and Fishnet and 
These each unit can act like atom to electro-magnetic wave which is significantly 




                        (1-1) 
Where, P is the structural unit size of Metamaterial, 𝜆𝑔is Guided 
wavelength. When electromagnetic wave incidents on a Metamaterial, the energy 
inside of wave affects the material’s electron. This exchange of energy can be 
used to control electromagnetic waves. To acquire a negative index material, the 
plasmonic waveguides are used. These waveguides consist of thin film metal film 
and dielectric layer. These two material’s character produces a coupled surface 
plasmon-polaritons(SPP). 
 Light incident on such a waveguide excites surface plasmon-polaritons, 
which excite along the waveguide on the surface of metal. The SPP can be 
controlled by changing metal layer’s thickness and dielectric layer’s thickness 





metamaterial on the artificial magnetic response that can be induced in several 
types of metamaterials. Even though there are several designs of metamaterials, 
the SRR is one of the best designs which can be easily understood. We can easily 
imagine the effective capacitance C and inductance L in the SRR as shown in 
Figure 5.  
 
 
Figure 5  Split ring resonator metamaterial and it's equivalent circuit  (a) 
SRR(split ring resonator)  (b) Effective capacitance and inductance of SRR 
 
The surface of the metal part of the SRR itself has an inductance in the 
effective circuit. The gap of SRR has a huge portion of total effective capacitance 
in the effective circuit. However, if the SRR unit is close enough to the other 
SRR unit, that part of the calculation should be considered as another 








   1.3  Thesis scope 
 
Electo-magnetic radiation incident on a metamaterial excites surface 
plasmon polaritons.[14,15] Surface plasmon resonance can be altered by the 
dielectric and metal material of permittivities. The reflectivity depends on angle 
difference, and is a function of surface plasmon resonance and of the thickness 
og the metal. 
In this thesis, We’re going to deal with thin silver layer and evaluate the 
surface plasmon resonance at thicknesses of 17nm, 35nm, 57nm of Ag layer. To 
observe surface plasmon resonance in Ag, a magnetron sputtering system is used 
for deposition of Ag. The thickness of Ag was measured by Stylus Profiler and 
each Ag layer was characterized by an Elipsometer. After we generated a surface 
plasmon resonance graph depends on the incident angle, the equivalent 
metamaterial model was found with COMSOL Multiphysics. The disk type 
metamaterials simulation using COMSOL Multiphysics is compared with the 
SPR result for each thickness of Ag. The annealing method is presented to 








2.  Theory 
    
   2.1  Maxwell model for surface plasmon resonance 
 
 Maxwell’s equations describe how electric and magnetic fields are 
generated and altered by each other and by charges and currents. This fits well 
with surface plasmon resonance(SPR). To do describe SPR, We can start with 
Maxwell equations. 
∇ ∙ 𝐃 = 𝜌𝑉                      ( 2-1) 
∇ ∙ 𝐁 = 0                       (2-2) 
∇ × 𝐄 = −
𝜕𝑩
𝜕𝑡
                      (2-3) 
∇ × 𝐇 =
𝜕𝐷
𝜕𝑡
+ 𝑱                    (2-4) 
 
In a homogeneous and isotropic medium, with charge density ρ = 0 and 
current density 𝐽=0, the dielectric permittivity ε and the magnetic permeability µ 
can be assumed to be scalar. The polarization of the material and an associated 
electric field can be written ?⃗⃗⃗? = μ𝑟μ0?⃗⃗⃗? and ?⃗⃗⃗? = ε𝑟ε0?⃗⃗?, respectively. 
 
∇ ∙ 𝐄 = 0                    (2-5) 
∇ ∙ 𝐇 = 0                    (2-6) 
∇ × 𝐄 = −jω𝜇𝑟𝜇0𝑬               (2-7) 
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∇ × 𝐇 = jω𝜀𝑟𝜀0𝑯                (2-8) 
 
For 1-Dimension geometries, we have a uniform material in the y- 
direction as shown in Figure 6. Maxwell’s equations can be divided into two 
independent modes. 
 











= −jω𝜇𝑟𝜇0𝑯𝒙                      (2-10) 
∂𝐄𝒚
∂x











= jω𝜀𝑟𝜀0𝑬𝒙                        (2-13) 
∂𝐇𝒚
∂x





In Figure 6, the lower material is a metal. A plane boundary exists between 
the two areas, as is shown in Figure 6. The dielectric constant of medium 1 is 
assumed to be real and positive. If a surface wave is to propagate along the 
surface of a metal, these waves propagate along the surface z=0. We can choose 
any x and y orientation of our coordinate system, so a set of waves is chosen that 
has no y-component. We can thus ignore the first set of equations to simplify the 
calculation. 
If the wave is a surface wave, it must be confined to the surface. This 




]𝑒−𝐾𝑖|𝑥|𝑒−𝑗𝛽𝑧               (2-15) 
𝐇𝑖(𝑧) = 𝐻𝑦,𝑖𝑒
−𝐾𝑖|𝑥|𝑒𝑗𝛽𝑧                 (2-16) 
i = {
1, 𝑥 < 0
2, 𝑥 > 0
 









                            −jω𝜇𝑟,𝑖𝜇0(𝐻𝑦,𝑖𝑒











−𝐾𝑖|𝑥|𝑒−𝑗𝛽𝑧)     (2-19) 
 
Inside medium 1, the Eq. 2-17, 2-18, 2-19 were 
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These reduce to the following equations. 
jβ𝐸𝑥,1 + Κ1𝐸𝑧,1 = −𝑗𝜔𝜇𝑟,1𝜇0𝐻𝑦,1            (2-23) 
−jβ𝐻𝑦,1 = jω𝜀𝑟,1𝜀0𝐸𝑥,1                 (2-24) 
−Κ1𝐻𝑦,1 = jω𝜀𝑟,1𝜀0𝐸𝑧,1                 (2-25) 
 






















These equations reduce to the following equations. 
jβ𝐸𝑥,2 + Κ2𝐸𝑧,2 = −𝑗𝜔𝜇𝑟,2𝜇0𝐻𝑦,2                   (2-29) 
−jβ𝐻𝑦,2 = jω𝜀𝑟,2𝜀0𝐸𝑥,2                     (2-30) 





The field component 𝐄𝒙 which is longitudinal to this interface is 
eliminated from the above Eq. 2-23, 2-24, 2-25, 2-26, 2-27, 2-28 to match the 






2)𝐻𝑦,1            (2-32) 
Κ1𝐻𝑦,1 = −jω𝜀𝑟,1𝜀0𝐸𝑧,1                   (2-33) 






2)𝐻𝑦,2            (2-34) 
Κ2𝐻𝑦,2 = jω𝜀𝑟,2𝜀0𝐸𝑧,2                    (2-35) 
There are no more 𝐄𝒙 components in among Eq. 2-32, 2-33, 2-34, 2-35. 
The dispersion relations is derived by further eliminating Ez, and results in a 




2                   (2-36) 








2                   (2-38) 










2)𝐻𝑦,2   






= 0                   (2-40) 
As a magnetic field boundary conditions 𝐻𝑦,1 = 𝐻𝑦,2  
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= 0                          (2-42) 
The equation of boundary conditions and Eq. 2-37, Eq. 2-28 relation is 
















)             (2-43) 
For non-magnetic materials with 𝜇𝑟,𝑖 = 0 , Eq. 2-43 is reduced to the 




                     (2-44) 







                      (2-45) 
Here, λ is the wavelength of the excitation wave, 𝜀𝑚 is the complex 
dielectric function of the metal and 𝜀𝑑 is the dielectric function of the 
surrounding material. An evanescent wave can exist at the angle of total internal 
reflection which means that beyond the critical angle of material passes to the 
metal and extinguishes at a shallow depth. When the metal layer is thin enough, 
this wave can interact with the surface charges, and then an energy transfer 
occures from the excitation wave to the plasmon wave. This effect is called the 
plasmon effect. We can detect this wave when the reflected light wave parallel to 





𝑘𝑙𝑖𝑔ℎ𝑡 = 𝑘𝑝𝑙𝑎𝑠𝑚𝑜𝑛                       (2-46) 
2𝜋
𝜆






                      (2-47) 
Here, θ is the angle of the light reflection of the surface and, n is the 
index of refraction for the dielectric material which is prism in this case. In order 





)                 (2-48) 
In this study, we use silver, which has a negative real component to its 
dielectric constant and a very low imaginary part. And 𝜃𝑝 is the key element to 
compare between real metal layer’s plasmon effect and COMSOL equivalent 
model.  
The amplitude of the surface plasmon mode is related to the exciting 
incident radiation. An electromagnetic light in a prism is incident on a thin film 
metal layer. We assume the electric field is TM mode and composed of 
monochromatic plane waves. The following equations are the incident and 
reflected propagating wave of the form in the prism. The attenuated total incident 








Figure 7  Attenuated total incident and reflection geometry for a thin metal layer 










)(𝑥 sin 𝜃1+𝑧 cos 𝜃1)]           (2-50) 
  In a thin film metal layer, the total electric field is considered as a 
standing wave superposition of two exponentially damped waves. And the 


















) ( 𝑛2 (sin 𝜃1)
2)1/2]
𝑒(−𝑘𝑧)         (2-52) 
A single wave on each side of the boundary exists. The electric field is 
assumed to be a monochromatic plane wave. In wave propagation in an infinite 
solid, 𝑘𝑥, 𝑘𝑧 are to be given real numbers and the wave equation is used to 





are no propagating waves in either the metal and air. And ω and 𝑘𝑥 are 
assumed to values that satisfy the wave equation in the following form within the 
metal. 





)1/2                  (2-54) 




)(𝜀 − 𝑛2 sin 𝜃1
2)1/2              (2-55) 
Here, 𝜀 is the complex dielectric coefficient of the metal, n is the index of 
refraction of the prism, and 𝜃1 is the angle of incidence between Prism and 
metal.  
As shown in Figure 7, the boundary condition, which dictates the 
continuity of the tangential components of E and H at the z=0, z=-d boundaries 
yeilds the following equations. 
𝐸2 = 𝐸1𝑡12/(1 + 𝑟12𝑟23𝑒
−2𝑘𝑑)                (2-56) 
𝐸2
𝑟 = 𝐸1𝑡12𝑟23 𝑒
−2𝑘𝑑/(1 + 𝑟12𝑟23𝑒
−2𝑘𝑑)           (2-57) 
With the subscript 12 represents the prism-metal interface and number 23 
stands for metal-air boundaries. The Fresnel reflection and transmission 
amplitude factors are given by 
𝑡12 =
2𝑛 cos 𝜃1
𝜀1/2 cos 𝜃1+𝑛 cos 𝜃2
                (2-58) 
𝑟12 =
𝜀1/2 cos 𝜃1−𝑛 cos 𝜃2
𝜀1/2 cos 𝜃1+𝑛 cos 𝜃2
                (2-59) 
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−𝜀1/2 cos 𝜃3+cos 𝜃2
𝜀1/2 cos 𝜃3+cos 𝜃2
                (2-60) 
 The angles 𝜃2 and 𝜃3 are defined by, 
cos 𝜃2 = (1 − 𝑛
2 sin 𝜃1
2 /𝜀)1/2           (2-61) 
cos 𝜃3 = (1 − 𝑛
2 sin 𝜃1
2)1/2             (2-62) 
 After solving for 𝐸1
𝑟, the ratio of the reflected optical power to the 







                 (2-63) 
In this study, we use this equation for simulation. [16]  
 
   2.2  Metamaterial model 
 
The temporal response of a chosen polarization field component to the 
same component of the electric field, assuming that the electric charges move to 
the same direction as the electric field. We consider a case in which the electron 
can occupy a location in the lattice that is an energy minimum. This can be 
described by a material model called the Lorentz Model. And any energy 
minimum model can be parabolic leading to Hooke’s Law. And energy is 
considered as a power series expansion about the minimum. 

















Here, r is displacement, and E is Energy. The first term can be eliminated 
by choosing zero. The second term which is the first derivative is also zero at the 
minimum. This is cause the value of the potential energy is at minimum. The 









𝑘𝑟2                    (2-65) 
The electron can be modeled as being bound by Hooke’s Law. Let’s 
assume a loss term which is proportional to the speed of the electron which is 
mainly loss due to scattering and associated phonon coupling, which occurs when  
charge collides into the lattice, causing lattice to vibrate. Then let’s apply 





=  −𝑒𝐸 − 𝑘𝑟 − 𝑏
𝑑𝑟
𝑑𝑡
                  (2-66) 
where b is Γm ,  k is m𝜔0
2. and 𝜔0 = √
𝑘
𝑚
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e
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𝐸              (2-69) 




−𝜔2𝑟 − 𝑗𝜔Γ𝑟 + 𝜔2𝑟 = −
𝑒
𝑚
𝐸              (2-70) 
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              (2-72) 
Let’s apply p = −er . And P=Np, N is the number of electrons. 
To describe more, we need to introduce one of Maxwell equations.  
D = εE = 𝜀0𝐸 + (𝜀𝑟 − 1)𝜀0𝐸 = 𝜀0𝐸 + 𝜒𝑒𝜀0𝐸    (Eq. 2-73) 
Here, D is electric flux Density, 𝜀𝑟 is relative electric permittivity, 𝜀0 is 
vacuum’s electric permittivity and 𝐸 is electric field. Let’s apply this equation to 
following one. 






             (2-74) 










                 (2-76) 
Here, 𝜔𝑝 is electric plasma frequency, 𝜔0 is electric resonant frequency, 
Γ is electric damping frequency. We describe the Lorentz model of the electron, 
but the study we use the Drude model which is valid for free charges, where 
electrons are not bound to host molecules. This decribes the environment for 
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 . The plasma frequency is typically in the 
ultraviolet(UV) range. The damping parameter Γ is typically well into the 
infrared(IR) range. This means that the real part of permittivity can be real and 
negative for frequencies in the a near IR and above. For frequencies lower than 
near IR, 𝜀 becomes a largely imaginary number, which means that loss begins to 
dominate. 
In the frequency domain, the permittivity and permeability in the Drude 
metamaterial model can be described by 




)                (2-79) 




)               (2-80) 
Here, 𝜔𝑝𝑒is electric plasma frequency, Γ𝑒 is electric damping frequency, 
𝜔𝑝𝑚 is magnetic plasma frequency and Γ𝑚 is magnetic damping frequency. j is 
the imaginary unit. [17,18] 
 
   2.3  Thin film metal-island surface 
 
  When a thin film of metal surface was seen by bare eyes, it appears flat 
and semi-transparent, because the structure of thin film metal is typically less 
than 100nm[19]. The thin film of metal-island surface is seen when we use slow 
evaporation rates using Physical Vapour Deposition(PVD). The scanning 
electron microscope (SEM) is used to view those structures. However, when the 
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metal thickness is large enough, the metal layer becomes almost completely 
continuous. At high evaporation rates, the surface of the metal becomes more 
continuous. 
This thin film of metal surface has a nano-island surface as shown in 
Figure 8.  
 
Figure 8 Scanning electron micrograph of a thin(5-nm) silver evaporation on silicon 
at room temperature. Bar indicates a length of 111nm[20]. 
 
Annealing the layer of metal helps to reorganize the size of nano-island, 






Figure 9  Evaporated silver film on silicon after a 1-min anneal at 200℃. Same 
scale as Fig.8 [20]. 
 
The annealing temperature, and annealing duration determine the size and 
organization of the silver nano-islands[20]. 
As shown in Figure 8, Figure 9. The thin film of metal surface has a nano – 
island surface. That’s why the COMSOL model was constructed to resemble the 
disk type of nano-island surface.    
 
 
   2.4  COMSOL SRR 
 
 COMSOL Multiphysics 4.3 was used for simulating metamaterial. 
COMSOL basically follows Maxwell’s equation which were described in the 
previous chapter, and they use finite difference methods called FEM. This means 
they are based on unstructured grids. FEM is more flexible with respect to the 
 
27 
   
 
 
geometry and is a numerical technique for finding approximate solutions to 
boundary value problems for partial differential equations. As shown in the 
previous chapter, metamaterials have arrays of units. In this COMSOL 
simulation, a split ring resonator was used and this model shows that only signals 
around the center frequency can pass through the periodic complimentary split 
ring resonator layer.  
A split ring resonator is patterned on a geometrically thin Ag layer on the 
substrate. The metal layer is much thicker than the skin depth in the simulated 
frequency range, so it is modeled as a perfect electric conductor. And Floquet-
periodic boundary conditions which are the solutions to periodic linear 
differential equations are used on four sides of the unit cell to simulate the 
infinite 2D array. Perfectly matched layers on the top and bottom of the unit cell 
absorb the excited mode from the source port and any higher order modes 
generated by the periodic structure. The perfectly matched layers(PML) attenuate 
the wave as it propagates in the direction perpendicular to the PML boundary. 
Port boundary conditions are placed on the interior boundaries of the PML, 
adjacent to the air domains. The port boundary conditions will automatically 
determine the reflection and transmission characteristics in terms of S-
parameters. Since higher order diffraction modes are not of particular interest in 
this model, the combination of the domain-backed type slit port and PML is used 





boundary condition requires identical surface meshes on paired boundaries by 
creating a mesh on only one of the boundaries and then using the copy face 
operation for the mesh on the other boundary. 
 As we described above section, The metamaterial have several shapes 
and types. The most popular one is SRR, which is split ring resonator, CSRR 
which is a complimentary split ring resonator, Jerusalem cross and Fishnet. In 
this study, the disk type of metamaterial is well fitted to the metal’s plasma effect 
and Simon’s model. The disk type of metamaterial is shown in Figure 10, Figure 
11, which is a 2-D model. This is basically an infinite disk array toward the x-axis 
and y-axis. The black part of this model represents the metal part, and the white 
part of this model symbolizes the dielectric part which doesn’t flow current. This 
dielectric part can be air, glass, plastic or a metal oxide layer. As shown in Figure 








Figure 10  Disk type of Metamaterial design and dimension. 'a' and 'b' is gap 
between disk and 'r' stands for the radius of disk. 
 
As shown in Figure 11, the complimentary disk type of metamaterial model has a 
hole in the white part of the disk, and the dark part represents the metal. The 
COMSOL model also has a hole in the disk part and has a metal surface in the 
other part as shown in Figure 12. To correctly calculate the model in COMSOL, a 
small mesh period was generated by mesh generator. The biggest mesh period is 
ten times smaller than the wavelength which is 632.8nm as shown in Figure 13. 
However, the memory requirement is too cumbersome to handle with available 





sample. In this study, this model can be reduced in the other model as shown in 
Figure 14, which is easier to calculate and simple. 
  
Figure 11  Complimentary disk type of metamaterial design and dimension. 'a' and 
'b' is a gap between disk and 'r' stands for the radius of the disk. 
 
 
Figure 12 COMSOL model for complimentary disk type 
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Figure 13 COMSOL mesh model for complimentary disk type 
 
Figure 14  COMSOL model for equivalent surface plasmon polariton using disk 
type of metamaterial 
 
As mentioned above, this model has an infinite array in the x and y 





middle material is a dielectric substrate which can be plastic, glass on metal 
Oxide. The Botton part is air. This COMSOL model was constructed to resemble 





















   
 
 
3.  Surface plasmon resonance experiments 
 
The He-Ne laser which is a monochromatic, TM-polarized beam of light is 
incident upon the silver film. The beam reflects off the silver film and generates 
the evanescent field inside of the silver. The evanescent field passes through the 
silver layer and dielectric layer, which is air, and excites a surface plasmon wave 
between two materials.  
 
   3.1  Fabrication thin film of metal for surface plasmon resonance 
 
A silver film was deposited onto the hypotenuse face of a prism using a 
magnetron sputtering as shown in Figure 15. Magnetron sputtering is a method of 
physical vapour deposition(PVD), which is a plasma coating deposition 
technology. Magnetron sputtering is an alternative method of evaporation for 
metal film deposition. The method has better step coverage than evaporation and 
is better at producing layers of compound materials and alloys. In sputtering 
applications, high energy ions strike a target containing the material to be 
deposited. Because of the momentum exchange between the ions and the 
particles in the target, the material is ejected from the target. The amount of 
material ejected from each ion collision is dependent on the target material, 





elemental metals, simple DC sputtering is usually used. During deposition of 
insulating materials an RF plasma must be used. By including reactive gasses e.g. 
oxygen in the plasma during the sputtering process, a thin film with atoms 
incorporated from the reactive gas can be achieved. 
 As shown in Figure 15, In the sputtering process, a plasma is created from  
 
Figure 15  Magnetron sputtering system (a) Magnetron sputtering experiment 
Equipment_Kurt J. Lesker Corp  (b) Magnetron sputtering system schemetics 
 
an inert gas like Ar, loaded into the vacuum chamber,by applying a high 
voltage between two electrodes on the magnetron. The plasma is concentrated 
right above the target material by magnets inside the magnetron. Atoms ejected 
from the target will deposit on all surfaces they strike and build up a thin film. 
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The deposition chamber is evacuated to pressures of 5x10^-6 Torr. The silver 
Target, which is a Ag 99.99% pure, 2.00” diameter x 0.250”thick, made by Kurt 
J. Lesker Corp was used in the study.  The only experimental technique is 
coating the prism to the correct film thickness. The rate of deposition of metal is 
different to each other. The thickness of the silver layer was 30-80nm to enable a 
very sharp and deep guided wave resonance at the working wavelength which 
was 632.8nm. Too thick a film will appear opaque while too thin a film will 
appear semitransparent. When the surface plasmon resonance is not observed, the 
thickness of metal needs to be checked to detemine whether it is correct. The 




   3.2  Experimental design 
 
The light source used was a 25mW, CWoutput, 632.8nm He-Ne laser 
(Melles Griot He-Ne Gas Lasers).  A Newport model 830 iris was used for the 
small diameter of laser. A Newport mirror was used to adjust the light path 
(model P100-P). A Newport linear polarizer controlled the polarization of He-Ne 
Laser. A polarization rotator was used to switch between the TM mode and TE 
mode of the laser. A high resolution linear actuator(PI:Physik Instrumente, 





rotation stage was used to increment the angle of the prism. System’s linearity 
was proved as shown in Figure 17,. A high resolution linear actuator and rotation 
stage exhibits a high linearity to each other. And The system is accurate to 
±0.18 degrees at each measurement time. Because, the typical plasmon angular 
gap is very small. It depends on metal and dielectric material’s type and 
character. In this case, when a silver film of and dielectric surface of air is used 
for plasmon, the gap of the angle is about 0.8 degrees. This case is for a highly 
conductive metal like silver and gold. When a metal with a high real dielectric 
component and large imaginary dielectric component was used for the plasmon, 
the gap of angle is typically above 10 degrees. In this case, the dip is quite 
shallow. Instead of dip in reflectivity, a peak of reflectivity was observed in 
reflectivity graph.  
An optical power meter with a visible range detected the He-Ne laser. A 
Vernier Labpro was used for delivering data from power meter to the computer. 
The data were analyzed by Microsoft Excel. The equipment setup in the lab and 
schematic of the experimental setup are shown in Figure 16.  
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Figure 16 Experimental setup (a) Experimental setup in Lab (b) schematic of 
experimental setup detail schematic of the experimental setup A: Laser-diode  
B: IRIS  C: Mirror  D: IRIS  E: Linear polarizer  F: Polarization rotator  
G: Coated prism on a rotation stage with linear actuator  H: IRIS  I: 
Power meter 
 
   
 In this study, we used the TM mode polarization which is an orthogonal 
to the TE mode. With the TM mode laser polarization, we can check the 
Brewster angle of blank prism which is indicated by a reflectivity minimum 
before the angle of TIR. As described previous chapter, a surface plasmon 
polariton doesn’t occur with TE mode polarization. As shown in Figure 16, the 
linear polarization, which is ‘E’ and polarization rotator, which is ‘F’, was used 





The prism with the thin film metal surface was mounted on a rotation 
stage, which was connected to linear actuator. When the measurement starts, the 
power meter rotates along with the reflected light. As shown in Figure 16, the 
rotation stage is also connected to the power meter which is ‘I’. The bottom stage 
is connected to the power meter for rotating power meter, and the top stage is for 
changing the angle of incident into the prism. The bottom stage is rotated at twice 
the rate of the top stage. This is cause, in this system, the laser doesn’t move at 
all to change the input angle. As shown in Figure 16, when the top stage moved to 
change the incident angle of prism, the angle is changed between the laser and 
prism. However, It just happened at only those two. When the top stage, which is 
prism rotated, power meter has a negative angle with respect to prism. To 
compensate for system’s behavior, the bottom stage, which represents the power 
meter should move twice as much as the top stage, which represents the prism.      
These algorithms were input into the software, which controls the prism 
and power meter angle. The LabPro analyzer takes signal of light intensity from 
the power meter while the program runs. The data are taken from the LabPro 
analyzer and moved to Excel file. These data are shown in Chapter 4. 
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Figure 17  Rotational stage of linearity 
 















25 0 20.5 -4 16.5 -7.5 
24.5 -0.5 20 -4 16 -8 
24 -1 19.75 -4.5 15.5 -8 
23.5 -1.5 19.5 -5 15 -9 
23 -2 18.75 -6 10 -13 
22.75 -2 18.5 -6 5 -17.5 
22 -2.5 18 -6 0 -22 
21.5 -3 17.5 -6.5     








   3.3  Profiler data for thickness of Ag  
  
 The glass slide which is soda-lime glass with the standard ISO 8037/1 was used 
to creat a control specimen for checking the thickness of the silver layer. This 
glass slide has surface 75mm x 25mm and 1mm thick (Cat. No. 16004-422). 
After sputtering the desired thickness of silver onto the glass slide, the Stylus 
Profiler was used for measuring the thickness of silver. The D-500 Stylus Profiler 
has the nanometer resolution to measure height. And also includes advanced 
optics and enhanced video controls for highly versatile sample visualization, as 
shown in Figure 18. 
 
Figure 18  Profiler system (a) D-500 Stylus Profiler A: Stylus B: Sample plate  (b) 
Stylus Profiler visual image A: Stylus B: Sample plate  
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  To measure the thickness of the layer correctly, the calibration was performed 
before measurement. The Stylus speed was 0.07mm/s and the stylus force was 
15.0mg. As shown in Figure 19, the silver layer was deposited on both thickness the  
hypotenuse of prism and the glass slide at the same time. We performed measurements 




Figure 19 Ag 17nm thickness of AlphaStep Data 
 
As shown in Figure 20, the second measurement of Ag thickness is 35nm. the red 
mesh is considered to be the original surface, which is flat. The value of the 






Figure 20  Ag 35nm thickness of AlphaStep Data 
 
 As shown in Figure 21,  the third measurement of Ag thickness is 57nm. The 
error of thickness is small in the third sample even though the thickness of metal 
is much bigger than the other one. 
 
 




   
 
 
Table 2   Thickness raw data 
 #1 #2 #3 
1 16.5nm 36.1nm 57.5nm 
2 17.2nm 35.8nm 58.2nm 
3 16.9nm 35.2nm 57.1nm 
4 17.1nm 35.6nm 56.2nm 









Average value 17nm 35.96nm 57.02nm 
 
 
Each time the thickness of the layer was measured five times each and the 
average value was report. When the deviation between values is above, the 
calibration of the profile was performed to get the correct value.   
 
   3.4  Spectroscopic Ellipsometry 
 
The ellipsometer was used for determining the complex dielectric constant 
of the silver film. ellipsometry is a non- destructive optical technique in which 
the sample is characterized to be illuminated with a beam of polarized light. As 







Figure 22  Ellipsometer system (a) Lab equipment (b) Ellipsometer schematic : (A) 
Light Source(Laser) (B) Polarizer (C) Wave Plate (D) sample  (E)Analyzer (F) 
Photodetector 
 Ellipsometry measures the change in polarization state of the 
measurement beam induced by reflection from the sample. Typically, the 
ellipsometric Psi(Ψ) and Delta(Δ) parameters were used for characterizing the 
change in polarization state[21]. The change equation is  




Here, ρ is the ratio of the reflectivity for p-polarized light 𝑟𝑝, which is 
the TM mode divided by the reflectivity for s-polarized light 𝑟𝑠, which is TE 
mode. The parameter ρ is a complex number and the ellipsometric parameters 
simply report these values in polar form. The value tan(Ψ) is the magnitude of 




   
 
 
In spectroscopic ellipsometry(SE), Ψ and Δ are acquired as a function of 
wavelength. This information in the data determines the sample characters. The 
film thickness, optical model, which is what substrate and metal is used need to 
fit the data set. The CompleteEASE software provides a graphical user interface 
for building models and displaying measured data. The Ellipsometer data which 
were converted to the complex dielectric function were used for Simon’s 
simulation.  
As shown in Figure 23, The Ψ and Δ  values were transferred to the 
metal’s dielectric function, which is -18.42 real number and 0.375 imaginary 
number for the 632.8nm wavelength. That means this material layer absorbs the 
very small amount of the light. The real number is a key factor in determining the 
plasmonic resonance angle.  
 







As shown in Figure 24, The Ψ and Δ  values was transferred to metal’s 
dielectric function, which has -18.7 real number and negative value imaginary 
number at 632.8nm wavelength. The real number of metal film has similar value 
with Ag 17nm film, because the dielectric function of the metal layer is 
dependable more the type of metal than on the thickness of metal.[22,23] 
 
 
Figure 24 Ag 35nm film with glass substrate of the ellipsometer measurement data 
 
As shown in Figure 25, The Ψ and Δ  values was transferred to metal’s 
dielectric function, which has -18.3 real number and 0.4 imaginary numbers in 
the 632.8nm wavelength. As shown in previous Figure, the three different 
thickness of ellipsometer data are very similar to each other. This will be  
discussed in the next chapter. 
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4.  Experimnets result and Analysis 
 
We discussed Maxwell model for surface plasmon resonance, which 
shows us that why the plasmon effect exists and how it is related to surface 
dielectric function. Metamaterials were introduced using the Lorentz model. 
Metamaterials are artificial metallic structures having simultaneously negative 
permittivity and negative permeability otherwise known as double negative 
medium(DNG). This DNG medium has several features that any natural medium 
doesn’t have such as negative refraction, evanescent wave amplification and 
backward phase. As a result of these, metamaterials don’t obey Snell’s law and 
Doppler effec. Due to this unique character of metamaterials, the concept of 
making a perfect lens with metamaterials has attracted attention in these 
days.[24,25] 
In this chapter, we are going to discuss the fact that an Ag thin film can be 
a convenient candidate for metamaterial over specific range of frequencies. This 
is because, the thin film metal has a disk shape island structure itself. This 
structure is considered as the metamaterial unit. To model the metamaterial for 
each thickness of silver, we use surface plasmon-polaritons which are called 
SPPs. It can coupled Prism and metal to check where is plasmon resonance angle 
and how reflectivity of system is shown. This specific angle is function of metal 
and dielectric of thickness and metal’s real and imaginary number of permittivity 
and dielectric layer’s real and imaginary number. Each different thickness of Ag 
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has its own reflectivity depending on the angle of the system. After that, we are 
going to find out which metamaterial model is well fitted and how much fit each 
other at 632.8nm wavelength. 
 
   4.1  Experiments result & Maxwell Model   
 
 As described in the previous chapter, we built the experiment setup for 
surface plasmon polariton. The simulation of Simon described in the 
experimental result is reasonable and reliable. The ellipsometer data and Stylus 
Profiler data as shown in the previous chapter was adopted for the simulation of 
Simon.  
As shown in Figure 26, the experiment result and Simon’s simulation fit 
each other well. The surface plasmon resonance angle(θp) is 44.88 degrees. But as 
shown in Figure 26, the valley of the resonance point is hard to see. We check that a layer 
which is less than 30nm thick will produce a shallow valley of reflectivity. If the surface 
plasmon resonance is not observed, the thickness of metal should be different. Typically, 
the thickness of silver should be between 30 and 80nm to see the clear valley of 
reflectivity as shown in Figure 27, Figure 28. To employ Simons simulation, we used a 
37nm thick film, with dielectric constant -18.42 + 1.2i, coating a prism of refractive index 







Figure 26  Comparison between Ag17nm and Simon's Simulation 
 
 As shown in Figure 27, the experiment result and Simon’s simulation fit 
each other well. The surface plasmon resonance angle(θp) is 44.89 degrees. As 
commented previously, the valley of the resonance point is very clear between 30nm and 
80nm ranges. To do the simulation of Simon, we used the thickness of silver, which is a 
35nm and the refractive index of Prism, which is 1.457 at 632.8nm and metal’s dielectric 



































Figure 27  Comparison between Ag35nm and Simon's Simulation 
 
As shown in Figure 28, the experiment result and Simon’s simulation fit 
well each other. The surface plasmon resonance angle(θp) is 44.88 degrees. And the 
valley of plasmon resonance angle is quite sharp. One thing that we need to make sure of 
is that the surface plasmon resonance angle which is θp is not a function of the thickness 
of the metal. As shown in the previous figure, θp is almost constant even if the thickness 
difference is double or triple. But as you can see in Figure 26, Figure 27, Figure 28, the 
reflectivity depends on the angle is different for each plot. This is because the high mass 
thicknesses cause the nano-islands to form larger sizes. If the mass thickness is large 
enough, the metal layer becomes eventually almost completely continuous. To do the 




























index of Prism, which is 1.457 @ 632.8nm and metal’s dielectric function, which is -
18.42+1.2i  as described in Table 3. 
 
 

































   
 
 
Table 3  Simon's simulation data table 
Specimen Ag17nm Ag35nm Ag57nm 
n prism 1.457 1.457 1.457 
t (Å) 170 350 570 
λ (Å) 6328 6328 6328 
ε (real) -18.42 -18.32 -18.42 
ε (imaginary) 1.2 1.26 1.2 
εp -18.42+1.2i -18.32+1.26i -18.42+1.2i 
θp (degrees) 44.88 44.89 44.88 
θc (degrees) 43.34 43.34 43.34 
    
 
4.2  Annealing Ag film 
 
We deposit silver island films by evaporating silver on the prism hypotenuse 
surface at very low evaporation rates about 4.6 A/s in vacuum environments. The 
silver thicknesses used were is 17nm, 35nm and 57nm.  
To change plasmon resonance peak, the silver layer was annealed at 150℃ 
for a 10 minutes in the oven. The annealing process usually makes the size of 
diameter of silver structure bigger than it was. When Ag was annealed at 150℃, 
the Ag layer is partitioned into an outer layer of Ag2O3 on a substrate of Ag.  
The annealing process typically makes the structure of thin layer surface 





was adopted by annealing, the silver oxide dielectric function is also changed as 
shown in Table 4, Figure 29.  
 







#1 sample 35nm 0 0 
#2 sample 35nm 150 10 min 
#3 sample 35nm 200 10 min 








Figure 29 Silver layer annealing to change SPR angle 
 
   4.3  Equivalent Metamaterial Model for the experiments result 
 
As previously mentioned, the thin film metal has nano-islands,which are 
about 30nm-200nm diameter. It depends on deposition rate of sputtering machine 
and mass Thickness. It also varies with annealing method. To find an equivalent 
matermaterial model of thin the silver layer, we choose COMSOL software. This 
COMSOL model basically imitates the nano-islands which can be shown in thin 
film metal. The surface plasmon resonance exists in thin film metal. As shown in 
Figure 14, the top part consists of silica glass, which has a refractive index of 

















1.002765 at 632.8nm. The middle part is a dielectric material, which has relative 
permittivity, relative permeability and zero electric conductivity. As previously 
mentioned, there are two assumptions in the COMSOL model. First, when the 
thickness of metal is small enough with respect to incident wavelength,which is 
about 630nm, the thickness of metal is modeled as a perfect electric 
conductor(PEC). Second, we have discussed surfaces in terms of their reflective 
coefficient. Using duality, we can produce surfaces having an analogous 
transmission coefficient. This duality principle is often referred to as the 
Babinet’s principle. To see the similarity of this COMSOL model for the each 
silver layer, we have discussed the reflective coefficient. In this study, the 
COMSOL model is basically used as a complementary model with a thin silver 
layer. The thin silver layer has a nano-island metal part of its surface. However, 
the equivalent COMSOL model has holes instead of metal parts as shown in 
Figure 14. As mention previously, using duality, we can produce surfaces having 
an analogous transmission coefficient. That should be exactly opposite between 








Figure 30  COMSOL Model  (a) Model #1(Silica glass / Relative Permittivity of 
dielectric real number 2.17 / Air) with respect to Ag17nm  (b) Model #2 (Silica glass 
/ Relative Permittivity of dielectric real number 1.97 / Air) with respect to Ag35nm 
(c) Model #3 (Silica glass / Relative Permittivity of dielectric real number 2.95/ Air) 






As shown in Figure 31, equivalent metamaterial model #1 is similar to the 
Simons’ simulation. This model is the worst fit model among the others.  
 
Table 5 COMSOL Equivalent Model character with respect to each thickness of 
silver 
 Model #1 Model #2 Model #3 
Target silver 
thickness(nm) 




147nm 110nm 80nm 
Period 500nm 500nm 500nm 
Substrate Relative 
permittivity 
2.17 1.97 2.95 
Substrate Relative 
permeability 
1 1 1 
Substrate 
Thickness 
200nm 200nm 200nm 
Top part material Silica glass Silica glass Silica glass 
Botton part 
material 
Air Air Air 
 
 
As shown in Table 5, The Ag17nm of  equivalent model has a 147nm 
disk hole which is quite a small metal part among the others. It makes sense that 
when the thickness of the mass is small, the metal part is also small on the 
surface which means nano-island is par away each other. And to do imitate the 
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experimental system, the Equivalent model has Silica glass material in the top 
part and Air in the bottom part.  
 
 
Figure 31  Reflectivity vs Incident angle of Prism with Ag 17nm + Equivalent 
COMSOL MODEL #1 
 
As shown in Figure 32, the experimental result of Ag 35nm is fitted well 
with the equivalent COMSOL model #2. The model has a 110nm radius hole 
disk, which is a much smaller hole, between metal parts. That means when the 
metal is thick the nano-island is larger and the islands are closely arranged. 
That’s why the overall reflectivity of Figure 32 is also much higher than Figure 31. 


































surface plasmon resonance angle. When the relative permittivity of substrate is 
changed by 0.1, the plasmon resonance angle is also moved by about 0.3 degrees. 
It is basically linear when it is in a specific range. 
 
 
Figure 32  Reflectivity vs Incident angle of Prism with Ag 35nm + Equivalent 
COMSOL MODEL #2 
 
As shown in Figure 33, the experimental result of Ag 57nm is fitted well 
with the equivalent COMSOL model #3. The model has an 80nm radius hole 
disk, which is a much smaller hole, between the metal parts than for the other 
models. That means when the metal is thick the nano-island is larger and the 
islands are closer to each other. And this equivalent model is the most well fitted 




































Figure 33  Reflectivity vs Incident angle of Prism with Ag 57nm + Equivalent 
COMSOL MODEL #3 
 
As shown in Figure 34, the equivalent model #1 has a bandpass resonance 
near 475THz which is about 632nm wavelength. The s-parameter is commonly 
used to check Metamaterial frequency range.[28,29,30] As previously mentioned, 
metamaterial is a double negative medium over a specific frequency range. The 
bandpass resonance of the s-parameter plot is evidence that the specific circuit is 
a double negative medium at certain frequencies. In this Model, each disk has 





































Figure 34 The S-parameter plot show a bandpass resonance near 475THz-
Equivalent COMSOM MODEL #1 
 
As shown in Figure 35, the equivalent model #2 has a bandpass resonance 
near 444THz which is 675nm wavelength. At this frequency, the model has -
20dB less which means almost 99 percent of light is transmitted. 
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Figure 35 The S-parameter plot show a bandpass resonance near 448THz-
Equivalent COMSOM MODEL #2 
 
As shown in Figure 36, the equivalent model #3 has a bandpass resonance 
near 461THz which is 650nm wavelength. Each model has its own frequency 
range and value for metamaterial. This is because, each model has its own 
effective Inductance and effective capacitance. The different disk radii have a 






Figure 36  The S-parameter plot show a bandpass resonance near 461THz-














   
 
 
5.  Conclusion and Future work 
 
We observed that the 17nm, 35nm, 57nm thin silver layer’s surface 
plasmon resonance angle doesn’t change with respect to the thickness of metal. 
Even when the thickness of silver layer is changed about twice, the SPR angle 
remained about 44.88±0.01 degrees. But the overall reflectivity is highly 
dependent on the thickness of the metal as shown in the previous figure. When 
the thickness of silver is less than 30nm and more than 80nm, the SPR is difficult 
to be observed. Even though the minimum of reflectivity couldn’t be observed in 
the reflectivity graph, the Simon’s simulation can exactly predict the reflectivity 
curves.   
The movement of surface plasmon angle is observed about 0.5 degree, 1.2 
degree when the 35nm of silver film metal was annealed at 150 Celsius, 200 
Celsius for a 10 min in the oven, respectively. With this results, we can conclude 
when the metal was annealed, the thin film metal was transferred to silver oxide. 
That’s why we observed deviation of plasmon angle. When the 35nm of silver 
film metal was annealed at 400 Celsius, the reflectivity is very low in a whole 
incident of angle. Because when the silver film was annealed at 400 Celsius, the 






As shown in the previous figure, we found an equivalent disk type of 
metamaterial model, which is modeled as a thin nano-island silver. The model #1 
which acts as a metamaterial around 475THz, which is 631.6nm, has a disk of 
radius 147nm, and a substrate relative permittivity of 2.17. The model #2 which 
acts as a metamaterial around 444THz, which is 675.7nm,  has a disk of radius 
110nm, substrate relative permittivity of 1.97. The model #3 which acts as a 
metamaterial around 461THz, which is 650.8nm, has a disk of radius 147nm, and 
a substrate relative permittivity 2.95. These nano-islands of metal can be 
obtained for thin film metal. That means thin film metal layers can be candidates 
for the metamaterial without fabricating each unit of the metamaterial. The disk 
radius can be changeable to metal’s thickness, deposition rate, metal’s character. 
The different disk size can be achieved by annealing thin film metal. It allows for 
the thin film metal layer to be satisfied with various frequency ranges. 
We suggest a new fabrication method of metamaterials. We also showed a 
good agreement with the disk metamaterial model and thin silver layer’s SPR. 
Further, we assumed that the thin silver layer is composed of nano-islands for 
nominally thin surfaces. To verify this, we should characterize the disk formation 
with various factors like thickness of metal, deposition rate, and type of metal. 
When the thickness of metal is modeled as a perfect electric conductor(PEC), it 
will be more accurate if the silver layer is much thicker than the skin depth in the 
simulated frequency range. However, the skin depth is smaller than the thickness 
of silver in the experiments. There is no way to build up with small thickness in 
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the COMSOL model because of limited computer memory. To make a more 
accurate calculation, the mesh size of software should be smaller than it was. 
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Maxwell Simulation calculation.  
This program calculates reflectance according to the model developed in Simon's 
Paper. It incorporates a thin film metal (e1+ ie2) sandwiched between a dielectric of 






Insert the appropriate wavelength(wl) in angstoms, film thickness(d) in 














θ1 refers to the angle incident to the prism.  
θ2 refers to the refracted angle inside of the prism. 





k is the absorption coefficient for the E field in the metal. 
 
>  
T2 is the cosine of the angle inside the thin film. 









r12 is reflectivity at the silica - metal interface. 
r23 is reflectivity at the metal - air interface. 
>  
>  




Ta is the percentage of light entering the prism. 

















Below are the commands that export the theoretical model into excel. 
 
s creates a sequence of data points of Rmain from incident angle of .5 radians to 
1.1 radians in .003 incriments. 
m converts s to a matrix 
mm converts the matrix from a row matrix to a column matrix 
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A converts the matrix to an array, so it can be exported 
after opening an AddIn in Excel, with(ExcelTools) opens the Maple package 
needed 
Export sends the data to Excel.  You can send the data to any file, sheet, or cell 
name you want, but the Excel file must be closed when you export and you have to paste 
the column of data into another file to work with it. 
 
>  
>  
 
>  
>  
 
>  
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